The study of CP violation in decays of beauty-and charm-hadrons provides a fundamental test of the predictions of the Standard Model (SM) and represents a sensitive probe to search for physics effects that cannot be described within the SM. In these proceedings, precision measurements are presented of several observables related to the so-called unitary triangles, that arise from the unitarity requirements on the 3x3 Cabibbo-Kobayashi-Maskawa matrix describing the quark mixing. Moreover, recent measurements of CP violation in beauty-and charm-hadrons are illustrated. In particular, a recent analysis providing the first evidence for CP violation in the beauty baryon sector and the world best precise measurement of CP violation in the charm system will be described in detail. The discussed analyses are based on proton-proton collision data collected during 2011 and 2012 (LHC Run 1) by the ATLAS, CMS and LHCb experiments.
Introduction
Although the Standard Model (SM) has been very successful in describing existing data [1] , it is well known that it must be an effective theory whose validity breaks down at some higher energy scale (larger than few hundred GeV) [2] . For example, contributions from physics Beyond the Standard Model (BSM) are needed [3] in order to explain the large matter-antimatter asymmetry that resulted in the matter dominated universe we observe today [4] . In the SM, the only source of CP violation is a complex phase in the Cabbibo-KobayashiMaskawa (CKM) quark mixing matrix [6] which is many orders of magnitude too small to match the observed matter-antimatter asymmetry [5] . The CKM matrix is a 3x3 matrix that parametrises transitions between the three quark families due to charged current interactions. It is fully described by four independent real parameters, namely three rotation angles and one complex phase, that are not predicted by the SM but need to be measured. A non-zero value of the complex phase can induce CP violating asymmetries in processes in which two or more amplitudes with different weak phases interfere.
Most of the BSM physics models available today predict the existence of additional unobserved heavy particles that can appear in internal lines of higher order diagrams contributing to a process (so called box and penguin diagrams). Those particles should produce sizeable modifications of observables related to these processes, such as CP violating parameters. Therefore, precision measurements of CP violation in the beauty and charm systems are mandatory in order to confirm SM predictions and to check whether non-SM contributions are also present. Since these new unobserved particles appear only as virtual particles in internal lines of loop diagrams, indirect searches for BSM physics are sensitive to much higher mass scales than direct searches. The reachable mass scale can indeed exceed the centre of mass energy of the accelerator at which the measurement is performed, reaching up to O(10-100 TeV).
There are three categories of CP violation which are introduced in the following in order to better understand the results of the measurements presented.
The first type of CP violation is possible for both charged and neutral meson decays 1. CP violation in decay. It occurs when the amplitude for a decay and its CP conjugate decay have different magnitudes. If A f and A f are the amplitudes for the process B → f and B → f , respectively, where f and f are CP -conjugate multi-particle final states, CP violation in decay occurs if
The other two categories are only possible for neutral mesons, hereafter referred to as P 0 , which exhibit the phenomenon of mixing. Since the weak interaction eigenstates are not the same as the mass eigenstates, the flavour content of neutral mesons changes as a function of time, giving rise to the phenomenon known as neutral meson mixing. The phenomenological aspects linked to neutral meson mixing are described in many articles, e.g. [7] . Only the main parameters involved are briefly introduced here. Any arbitrary combination of flavour eigenstates, P 0 and P 0 , has a time evolution described by an effective Schrödinger equation (units are such thath = c = 1)
where M and Γ are 2×2 hermitian matrices. The heavy (H) and light (L) mass eigenstates of the Schrödinger equation are obtained diagonalizing the matrix in Eq.1
where the complex coefficients p and q obey the normalization condition |p| 2 + |q| 2 = 1. The system can be defined in terms of four different experimental observables. They are the mass difference ∆m and the decay width difference ∆Γ between the mass eigenstates, defined by
and the average mass and width, defined by 
where λ f is a parameter that quantifies this kind of CP violation. Assuming CPT invariance, the CP asymmetry as a function of time for neutral P mesons decaying to a CP eigenstate f is given by
The quantities C f , S f , and A
and A
where the parameter C f and S f are related to CP violation in decay and CP violation in the interference between mixing and decay, respectively. The parameter A
In the following a selection of recent ATLAS, CMS and LHCb measurements of CP violation are presented. They are based on 2011+2012 data sets. ATLAS [9] , CMS [10] and LHCb [11] are three of the four large particle experiments located at the Large Hadron Collider (LHC). ATLAS and CMS are general purpose detectors which cover the full spectrum of high-energy physics, while LHCb is specialised for precision measurements of b-and c-hadron decays.
CKM metrology
The unitarity of the CKM matrix gives rise to six orthogonality relations, which can be represented as triangles in the complex plane. The triangle derived from multiplying the first and third columns of the CKM matrix, V ud V * ub + V cd V * cb + V td V * tb = 0, commonly referred to as the B 0 triangle, is of particular interest since its three sides are of comparable length. Its three angles are closely related to CP violating observables and the lengths of its sides can be measured from CP conserving observables. A similar triangle can be also drawn for the B 0 s system. The overconstrained determination of the sides and angles of these Unitarity Triangles provides a powerful consistency test of the SM picture of CP violation.
Measurement of the CKM phase γ
The least well determined parameter of the Unitarity Triangle to date is the angle γ ≡ −arg(V ud V * ub /V cd V * cb ). This angle provide a standard candle for the SM since it is the only one that can be determined from tree-level only processes, thus it is expected to be unaffected by possible contributions from BSM. Comparisons between direct measurements of γ and constraints coming from global fits, which include higher order diagrams as well, represent a very stringent test of the SM. In order to reach this goal it is mandatory to improve the precision on tree-level measurements of γ since the indirect constraints are quite precise. Indeed, from a global fit of different CKM parameters the CKMfitter group derives γ = 65.3
this angle is measured exploiting the interference between b → c and b → u transitions. By building the
state common to both D 0 and D 0 , it is possible to determine the value of γ. However, the measurements are experimentally challenging since they involve purely hadronic final states, which are difficult to trigger, and require excellent K/π separation. Moreover, branching fractions for the interesting decays are small. Thus, the combination of a plethora of independent modes is the only way to achieve the ultimate precision. Depending on the D 0 final state f D , three main methods can be distinguished: in the ADS method CP eigenstates like measurements have been combined to derive the best determination of γ. To obtain the best precision, the hadronic parameters are also considered in the combination, for a total of 71 observables and 32 parameters. Both the frequentist and bayesian approaches have been used and they show a good agreement. Using the frequentist interpretation the combination is found to be: γ = 72.2
, which is the most precise single-experiment measurement to date. The shapes of the 1-CL curves, split by the method, are shown in 
Measurement of the CKM phase β
The angle β is related to CKM matrix elements through the relation β ≡ arg[−(V cd V cb * )/(V td V * tb )] and it is sensitive to BSM effects in CP violation in mixing and decay. The golden channel to determine this angle is 
The largest systematic uncertainty on the measurement of sin(2β) arises from possible flavour asymmetries in the background candidate. The LHCb collaboration has also recently measured S f and C f using B 0 → J/ψ(e + e − )K 
Measurement of the CKM phase β s
The corresponding CP observable in the B 0 s system is called β s = −2 φ s and it is related to CKM matrix elements through the relation φ 
Time-dependent CP violation in
The study of CP violation in charmless charged two-body decays of neutral B mesons is a good probe of the SM predictions. Moreover, precise measurements in this sector are important to constrain hadronic factors that cannot be accurately calculated from quantum chromodynamics at present. The LHCb collaboration performed a preliminary measurement of time-dependent CP -violating asymmetries in B 
The results for the B 0 → π + π − decay are C ππ = −0.24 ± 0.07 (stat.) ± 0.01 (syst.) and S ππ = −0.68 ± 0.06 (stat.) ± 0.01 (syst.) .
The value of A ∆Γ KK is found to be −0.75 ± 0.07 (stat.) ± 0.11 (syst.). Only one of the tagging algorithms available at LHCb, namely the so called opposite side taggers, has been used for this preliminary result, thus improvements in the tagging power are expected in the future. These results are compatible with SM predictions and are important inputs in the determination of the unitarity triangle angle γ and β s using decays affected by penguin processes.
The CP asymmetry obtained using
gives complementary information on sin (2β) through b → ccd transitions. Indeed, this CP asymmetry is sensitive to β at tree level in the SM. However, higher order diagrams, such as penguin diagrams, can lead to a difference in the CP violating phase, ∆φ, with respect to the parameter β measured using b → ccs transitions, such that S/ √ 1 − C 2 = − sin (2β − ∆φ). Thus, a comparison with the β measurement obtained using 
The phase shift derived from the LHCb measurement is ∆φ = (0.16
+0.19
−0.21 )rad, which rules out large penguin contributions. ± decays are functions of a combination of γ and β s , namely γ − 2β s . By using an independent measurement on β s is thus possible to determine an independent value of γ. A comparison between the value of γ measured from tree-level processes, as mentioned in Section 2.1, with the value of γ and other unitarity triangle parameters measured in loop-level processes provides a powerful consistency check of the SM. In particular, in this case the amplitude ratio between the dominant tree level process and the subleading process is approximately 0.4. Moreover, the decay-width difference in the B 0 s system, ∆Γ s , is nonzero, which, compared to the B 0 case, gives access to two additional CP -violating observables which are coefficients of in time-dependent hyperbolical terms. Thus a good sensitivity on γ is expected. The results found by the LHCb collaboration [27] analysing Run 1 data are summarise in Table 1 . Assuming the measured value of φ s equal to −2β s as external input the value of γ is determined to be γ = (127
Time-dependent CP violation in B
• . The quoted uncertainties are the sum in quadrature of the statistical and systematic components. A compatibility of 2.15 σ is found between the presented measurement and the LHCb γ average presented in Section 2.1.
Measurement of CP violation in baryons
The vast majority of CP violation measurements in beauty decays have focused on B mesons due to the rich phenomenology available in meson mixing and the large datasets collected by the B-factories. However, the LHC copiously produces beauty also in the form of Λ 
) for Λ b
and
) for Λ reference frame and the single π + , respectively. From these observables it is possible to build the following 
The CP asymmetry is then determined taking into account the production, A P , and the detection A D asymmetries, A raw ≈ A CP +A P +A D . The most recent LHCb measurements are [31] A CP (K + K − ) = (0.04± 0.12(stat) ± 0.10(syst))% and A CP (π + π − ) = (0.07 ± 0.14(stat) ± 0.11(syst))%, which are a combination of a semileptonic B decays-tagged and promptly-produced D * + tagged samples. Figure 3 (left) shows the results for the two CP asymmetries. LHCb also recently studied CP asymmetries in D
, which was never measured before at a hadron collider due to the difficulty of accurately modelling the large background and obtained the most precise measurement to date in this decay. LHCb also studied CP asymmetries in
decays, which is the first time that such a study has been performed for a 4-body decay, for which the rich resonant structure allows to search for local enhancement of the CP asymmetries. These results are now approaching the per-mille level of uncertainty, but so far they are consistent with CP conservation. 
Here A Γ is the asymmetry between the D 0 and D 0 effective decay widths and it is the parameter sensitive to CP violation in the mixing and in the interference between mixing and decay. Within the SM, the indirect determination of this parameter is A Γ < O(10 −3 ) [23]. LHCb recently measured it using a promptlyproduced D * + tagged D 0 sample. The combination of f = KK, ππ measurements in Run I is A Γ = (0.13 ± 0.28(stat) ± 0.10(syst)) × 10 −3 [34] . The result is consistent with the hypothesis of CP conservation and represents the most precise measurement of CP violation in the charm system ever made. In Figure 3 (right) the HFLAV [23] combination of different A Γ measurements performed so far is shown.
Conclusions
Recent LHCb results of CP violation in the beauty and charm hadron systems have been presented. All measurements are in good agreement with SM predictions. The selection of CP violation measurements presented here is not a complete list of the analysis performed by the ATLAS, CMS and LHCb collaborations. Updated results based on the Run 2 data, collected in 2015 and 2016, are expected soon and will enable even stronger constraints to be made on potential BSM physics contributions.
